Copper and Aluminum Nitride thin films were prepared by the reactive R. F. sputtering method with controlling the N 2 gas content. Their electrical resistivity and optical bandgap energy were varied as the content of N 2 gas during the deposition. For example, the electrical resistivity of the copper nitride thin films increased from 10 −1 to 10 1 m as the nitride approaches to the stoichometric Cu 3 N. To modify the electrical and the optical properties of the nitride thin films, hydrogen was introduced by low energy ion implantation. The electrical resistivity of nearly stoichiometric Cu 3 N thin films decreased from 10 1 to 10 −4 m after hydrogen ion implantation for 30 minutes because this treatment at even 3 keV formed many irradiation defects near the surface of the Cu 3 N thin films. On the other hand, the electrical and the optical properties of insulating AlN thin films were hardly modified with the 7 h implantation. But the electrical resistivity and the optical bandgap energy of the Al rich Al-N thin films could be increased by the hydrogen ion implantation.
Introduction
Metal nitride thin films have been well studied from various aspects such as the hard coating thin films, the heatresistant materials, the electrical insulating thin films and the optoelectronic materials. In general, these films are prepared by PVD (physical vapor deposition) and the deposition conditions affect their electrical and optical properties because of non-stoichiometry and other defects such as the voids and the dislocations in films. Hydrogen is the simplest impurity in semiconductor materials, and the presence of hydrogen changes the electrical and the optical properties of the compound semiconductor materials drastically. Especially the studies of hydrogen in metal oxides have been reported for various applications, [1] [2] [3] [4] [5] but hydrogen in metal nitrides has not been studied so much. As well as hydrogen in metal oxides, hydrogen in metal nitrides is very important when high quality p-type GaN thin films were prepared because hydrogen in p-type GaN plays a role of passivator against acceptor Mg. 6) Therefore it is so valuable to make the relationship clear between hydrogen and defects or impurities in the metal nitride thin films.
In this work, we prepared copper nitride (Cu-N) thin films and aluminum nitride (Al-N) thin films by the reactive R. F. sputtering method and the electrical properties and the optical properties were mainly investigated. Also, hydrogen ions were implanted by low acceleration energy to modify the electrical and the optical properties of metal nitride thin films. After this treatment, we measured the electrical and optical properties in order to investigate the effects of hydrogen implantation treatment.
Experimental Details
All the samples were prepared by the reactive R. F. sputtering method with various gas conditions. The sputtering conditions are shown in Table 1 . The electrical resistivities of * Graduate Student, Kyushu University. the Cu-N and the Al-N thin films were investigated with the van der Pauw method 7) at room temperature. However, the stoichiometric AlN thin films were insulator so we could not measure their resistivity. The optical properties such as the reflectance and the transmittance were measured by a twobeam spectrometer with the wavelength between 200 nm and 1100 nm in order to obtain the optical absorption coefficient, α and the optical band gap energy, E g , by Tauc method. 8) The crystal structures and the compositions of the samples were analyzed by XRD and SEM-EDX, respectively. In addition, hydrogen ions were implanted to the nitride thin films by an ion gun with low acceleration energy without heating the substrate. The dose of hydrogen atoms were estimated by measuring ion current on sample surface and it was about 9.0 × 10 20 atoms/m 2 an hour.
Results and Discussion

Copper nitride (Cu-N) thin films
Copper nitride (Cu-N) thin films were deposited with controlling nitrogen gas contents in Ar and N 2 mixture gas. The x-ray diffraction profiles of the Cu-N thin films were changed from (111) prefer-oriented Cu 3 N to (100) preferoriented Cu 3 N with increasing the N 2 gas composition during the sputtering process. This is because the increasing N 2 gas composition decreases the deposition rate of Cu-N thin films and the densest packed (100) plane can glow in parallel with glass substrate surface. There have been a number of re-ports that (100) prefer-oriented Cu 3 N tended to be formed as increasing N 2 gas contents. 9 , 10) Figure 1 shows the dependence of the film composition on the content of N 2 gas during the sputtering process. Stoichiometric copper nitride was reported as Cu 3 N previously. So the stoichiometric Cu 3 N thin films will be formed when the ratio of N/(Cu+N) is 0.25. In Fig. 1 , the ratio of N/(Cu+N) of the samples prepared at between 40% and 80% N 2 gas contents show about 0.26 and these copper nitride thin films are near stoichiometry.
The optical band gap energy (E g ) and the electrical resistivity (ρ) of the Cu-N thin films deposited under the different content of N 2 gas are shown in Fig. 2 . From the results of the film composition in Fig. 1 , the each maximum of E g and ρ is expected to be observed between 40% and 80% N 2 gas contents. Actually, the maximum of the optical band gap energy of the Cu-N thin films is observed at 40% N 2 gas contents and the maximum of the electrical resistivity is seen at 60% N 2 gas contents. So it is clear that the film composition strongly affects the optical band gap energy and the electrical resistivity. In Fig. 1 and Fig. 2 , the optical band gap energy of the stoichiometric Cu 3 N is 1.27 eV and the electrical resistivity Fig. 1 Dependence of the film composition of Cu-N thin films on the content of N 2 gas during sputtering process. The changes in the electrical resistivity of Cu-N thin films after hydrogen and helium ion implantation at 3 keV are shown in Fig. 3 . If only the implanted hydrogens plays the role of electrically active dopants or interacted with defects such as nitrogen vacancies in the nitride thin films, the results of ρ and E g between the hydrogen and helium implantation should be different, because helium atoms introduced to samples can not affect the electrical properties themselves. However, after both implantation treatments, the electrical resistivities of all samples were decreased to about 10 −4 m and there were no difference. One of the reasons would be that the copper nitride is so unstable 11) that the bonds between N and Al near the surface are destroyed during hydrogen ion irradiation even at 3 keV as well as helium ion irradiation. We analyzed the crystal structures of the hydrogen implanted Cu-N thin films by XRD and it made clear that the lattice constants of these samples are slightly but apparently decreased compared to those of the as-deposited Cu-N thin films. If the crystal structures had not been disturbed by the hydrogen implantation and the hydrogen atoms had been inserted into the Cu 3 N lattice, the lattice constants of these samples would have been increased. This might be another evidence that hydrogen ion implantation introduced the irradiation damages at even 3 keV.
Aluminum nitride (Al-N) thin films
Aluminum nitride (Al-N) thin films were also prepared by the reactive R. F. sputtering method with different N 2 gas contents. Figure 4(a) shows the XRD profiles of the Al-N thin films formed above 20% N 2 gas contents and Fig. 4(b) shows the XRD profiles at lower N 2 gas contents below 20% N 2 . The crystalline AlN has wurtzite structure and all the peaks in Fig. 4(a) indicates wurtzite AlN. But above 75% N 2 gas contents, these samples seem amorphous-like structure because the peaks due to AlN became so small. On the other hand, in Fig. 4(b) , small peaks from metallic Al were observed at 4% N 2 gas contents and the other profiles showed that those aluminum nitride thin films are wurtzite AlN. These results indicate that the crystalline aluminum nitride thin films were formed at the condition between 7% and 75% N 2 gas contents.
In Fig. 5 , the film compositions of the samples measured by SEM-EDX are plot against the content of N 2 gas during sputtering. Apparently, above 20% N 2 gas contents, the aluminum nitride thin films had nearly stoichiometric composition. These AlN thin films were insulator whose optical band gap energy is about 5.6 eV so that we could not measure their electrical resistivity. On the other hand, all the samples prepared under 14% N 2 gas contents had non-stoichiometric compositions, less than 1.0. Therefore, they show lower electrical resistivity and optical band gap energy than those of the stoichiometric AlN thin films in Fig. 6 .
For these samples, we investigated the hydrogen implantation effects on the electrical and the optical properties.
In contrary to the case of the copper nitrides, the aluminum nitrides are very stable because of the higher bonding energy between Al and N. So we considered that the irradiation damaging phenomenon in the hydrogen ion implantation treatment will not be occurred at the low acceleration energy. That is because we implanted hydrogen ions into the Al-N thin films at 5 keV in the acceleration energy. Figure 6 (a) shows the optical band gap energy of each sample before and after hydrogen ion implantation for an hour. Figure 6(b) shows the electrical resistivity changes of each sample before and after the same treatment. In both figures, it is remarkable that the implanted hydrogen increases both the electrical resistivity and the optical band gap energy of the non-stoichiometric Al-N thin films. The non-stoichiometric Al-N thin films must include a lot of the nitrogen vacancies or the extra aluminum atoms which lead the ρ and E g to the lower values. Therefore, increase of those ρ and E g after the hydrogen implantation treatment means that those defects due to non-stoichiometry may be compensated by hydrogen. In the case of the stoichiometric AlN thin films, however, the optical band gap energy is not changed or slightly decreased by the hydrogen implantation for 7 h because there are little of the defects related to the non-stoichiometry in these samples.
Conclusions
In this work, we have investigated the electrical and optical properties of the metal nitride thin films such as Cu-N and Al-N and have confirmed that their properties are basically depended on the N 2 gas contents during the sputtering process. The hydrogen ion implantation treatment at low acceleration energy was also done in order to modify these properties of the metal nitride thin films. In the case of Cu-N thin films, the irradiation damage effect on the electrical resistivity and the optical band gap energy was enormous at even 3 keV. Especially, the electrical resistivity of the stoichiometric Cu 3 N thin film was drastically decreased from 10 1 to 10 −4 m. For stoichiometric AlN thin films, hydrogen implantation at 5 keV can not cause notable effects on the optical properties. But in some Al-N thin films formed below 14% N 2 gas contents, the hydrogen atoms may passivate a part of nitrogen vacancies or extra aluminum atoms. Consequently, the optical band gap energy and electrical resistivity are enhanced after the hydrogen implantation treatment.
